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Abstract The Agrotis ipsilon multiple nucleopolyhedro-

virus (AgipMNPV) is a group II nucleopolyhedrovirus

(NPV) from the black cutworm, A. ipsilon, with potential

as a biopesticide to control infestations of cutworm larvae.

The genome of the Illinois strain of AgipMNPV was

completely sequenced. The AgipMNPV genome was

155,122 nt in size and contained 163 open reading frames

(ORFs), including 61 ORFs found among all lepidopteran

baculoviruses sequenced to date. Phylogenetic inference

placed AgipMNPV in a clade with group II NPVs isolated

from larvae of Agrotis and Spodoptera species. Though

closely related to the Agrotis segetum NPV (AgseNPV),

AgipMNPV was found to be missing 15 ORFs present in

the AgseNPV genome sequence, including two of the three

AgseNPV enhancin genes. Remarkably few polymor-

phisms were identified in the AgipMNPV sequence even

though an uncloned field isolate of this virus was

sequenced. A genotype characterized by a 128-bp deletion

in the ecdysteroid UDP-glucosyltransferase gene (egt) was

identified in the AgipMNPV field isolate and among clonal

isolates of AgipMNPV. The deletion in egt was not asso-

ciated with differences in budded virus or occluded virus

production among AgipMNPV clones in cell culture.

Keywords Baculovirus � Nucleopolyhedrovirus �
Agrotis ipsilon � Black cutworm � AgipMNPV �
Ecdysteroid UDP-glucosyltransferase

Introduction

Baculoviruses are rod-shaped, enveloped DNA viruses of a

single family (Baculoviridae) that have been isolated

exclusively from arthropods [1]. Most baculoviruses have

been identified from insects of the order Lepidoptera (moths

and butterflies), though some have been found in mosqui-

toes (Diptera), sawflies (Hymenoptera), and shrimp

(Crustacea). Taxonomic organization of the family Bacu-

loviridae currently places baculoviruses into one of two

genera, Nucleopolyhedrovirus (NPV) and Granulovirus [2].

The life cycles of lepidopteran nucleopolyhedroviruses and

granuloviruses (GVs) are essentially identical, with repli-

cation resulting in a budded virus phenotype (BV) that

spreads infection to other tissues of the host and an occluded

virus phenotype (OV) that mediates horizontal transmission

within a host population. While the NPVs occlude multiple

virions in relatively large polyhedra, GVs occlude one or

sometimes two virions in smaller ovoid granules. During

assembly of NPV virions, several nucleocapsids often are

packaged within a single lipid envelope, while GV virions

invariantly consist of a single nucleocapsid per envelope.

The NPVs and GVs are also readily distinguished by

molecular phylogenetic analysis. Although mosquito and

sawfly baculoviruses are currently placed in Nucleopoly-

hedrovirus, a future revision of Baculoviridae is expected to

re-distribute these viruses into separate genera [3].

The NPVs are popular tools for expression of genes in

insect and mammalian cells [4, 5]. Both NPVs and GVs are
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used as environmentally and ecologically safe biopesti-

cides to control agricultural and forestry pests [6, 7].

An NPV has been isolated from the black cutworm,

Agrotis ipsilon (Noctuidae: Lepidoptera) [8]. A. ipsilon is a

cosmopolitan pest that feeds on a wide range of plants [9].

The Agrotis ipsilon multiple nucleopolyhedrovirus (Agi-

pMNPV) has been explored as a potential insecticide to

control black cutworm on corn and turfgrass [10, 11].

Further research is underway to develop AgipMNPV for

season-long, multi-year biological control of black cut-

worm on golf courses [12].

Prior characterization of sequences from AgipMNPV

revealed its close relationship with an NPV from the

common cutworm, Agrotis segetum [13]. The Polish isolate

of A. segetum NPV-A (AgseNPV-A) exhibits a host range

that overlaps with that of AgipMNPV, with each virus able

to productively infect A. ipsilon and A. segetum larvae.

AgipMNPV and AgseNPV-A differ somewhat in their

virulences towards these two species, with AgipMNPV

exhibiting a significantly lower LC50 against A. ipsilon.

The complete genomic sequence of AgseNPV-A was

recently reported [14]. This study reports the determination

and analysis of the complete genomic sequence of the

Illinois strain of AgipMNPV. Comparison with the Ag-

seNPV-A genome confirmed the close relationship

between these viruses, but notable differences in open

reading frame (ORF) composition were observed.

Methods

Viral DNA isolation

A polyhedra sample of the Illinois strain of AgipMNPV

was obtained from Iowa State University. Recently molted

5th instar A. ipsilon larvae (from the colony at the Corn

Insects and Crop Genetics Research Unit, ARS-USDA, in

Ames, IA) were infected per os with 8 9 106 polyhedra

each. Cadavers were homogenized in 0.5% sodium dodecyl

sulfate (SDS) using a Ultra-Turrax T25 mixer (IKA Works,

Wilmington, NC). The homogenate was filtered through

two layers of cheesecloth and a wire mesh, which were

subsequently washed with additional volumes of 0.5%

SDS. Polyhedra were pelleted by low-speed centrifugation

(750 g) for 10 min. Pellets were washed by re-suspension

twice in 0.1% SDS and once in 0.5 M NaCl and pelleted by

centrifugation after each washing step. Polyhedra were re-

suspended in deionized distilled H2O and solubilized with

Na2CO3 as previously described [15].

The AgipMNPV OV from solubilized polyhedra was

precipitated by mixing with an equal volume of 20%

polyethylene glycol (PEG)–1 M NaCl and incubating on

ice overnight. The precipitated virions were pelleted by

centrifugation (3,000 g) for 15 min. Viral DNA was

extracted from the virion pellets by incubation with 10 mM

Tris–HCl pH 8.0–10 mM EDTA pH 8.0–0.25% sodium

dodecyl sulfate–500 mg/ml protease K for 3 h at 37�C.

Viral DNA was recovered by phenol-chloroform extraction

and ethanol precipitation, and then subjected to an addi-

tional step of purification by CsCl/ethidium bromide

equilibrium gradient centrifugation [16].

DNAs from AgipMNPV plaque isolates [17] were iso-

lated from 3rd-passage infected-cell medium using the

procedures above, but were not subject to purification by

equilibrium gradient centrifugation.

DNA sequencing and analysis

AgipMNPV OV DNA was sheared, cloned, and sequenced

as previously described [18]. Sequence data from individ-

ual sequencing reactions were assembled and analyzed

using Lasergene 7 (DNASTAR). Additional sequencing to

address gaps and ambiguities in the genome sequence and

to resolve other issues was carried out with custom-

designed primers and templates consisting of PCR ampli-

mers. A complete draft of the AgipMNPV genome was

obtained with 12.79 coverage.

Open reading frames greater than 50 codons in length

that did not overlap larger ORFs by more than 75 nt and

were not present in a homologous repeat (hr) region were

characterized by standard protein–protein BLAST (blast-p;

http://www.ncbi.nlm.nih.gov/BLAST/). ORFs not fitting

the above criteria that nevertheless possessed homologs in

other baculovirus genomes were also selected for charac-

terization. Sequence alignment of 30 core gene amino acid

sequences was carried out by CLUSTAL W [19] using the

MegAlign program of Lasergene 7. Phylogenetic inference

of concatenated alignments containing 15,159 characters

per taxon was carried out by minimum evolution (ME) and

maximum parsimony (MP) methods using MEGA 4 [20].

Parameters for alignment and phylogenetic inference were

as previously described [18]. Taxa analyzed included group

II NPVs with completely sequenced genomes [14, 18, 21–

35], AcMNPV-C6 [36], and Cydia pomonella GV [37].

Quantitation of viral growth

Agrotis ipsilon AiE1611T cells were seeded in six-well

plates (0.8 9 106 cells/well) and infected with AgipMNPV

clones 1T6, 1T7, and 6T2 at a multiplicity of infection

(MOI) of five plaque-forming units (PFU)/cell. Aliquots of

infected-cell medium were harvested at 24, 48, and 72 h p.

i. and titered by plaque assay [17]. Polyhedra were purified

from cells at 96 h p. i. following the procedure of O’Reilly

et al. [15] and counted with a hemocytometer. Results were

analyzed by two-tailed t-test.
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Results

Features of the AgipMNPV genome sequence

Assembly of AgipMNPV sequencing data resulted in a

genome sequence of 155,122 bp, larger than most bacu-

lovirus genomes sequenced to date. In particular, the

AgipMNPV genome was 7,508 bp larger than that of Ag-

seNPV-A [14]. Compared to the other 42 baculovirus

genomes that have been sequenced, the AgipMNPV

genome was smaller than that of Xestia c-nigrum

(Xecn)GV (178,733 bp; [38]), Helicoverpa armigera

(Hear)GV (169,794 bp; [39]), Leucania separata (Ls)

NPV (168,041 bp; [34]), Lymantria dispar (Ld)MNPV

(161,046 bp; [21]), Mamestra configurata (Maco)NPV-B

(158,482 bp; [27]), and Orgyia leucostigma (Orle)NPV

(156,179 bp; accession number NC_010276). The Agi-

pMNPV genome sequence also possessed a relatively high

G ? C content of 48.6%, lower only than that of LdMNPV

(57.5%), Orgyia pseudotsugata (Op)MNPV (55.0%; [40]),

Antheraea pernyi (Anpe)NPV (53.4–53.5%; [41, 42]),

Culex nigripalpus (Cuni)NPV (50.9%; [43]), and Chori-

stoneura fumiferana (Cf)MNPV (50.1; [44]).

Examination of the genome revealed a total of 163

ORFs at least 50 codons in length that exhibited minimal

(\75 bp) overlap with larger ORFs or shared significant

sequence identity with previously characterized baculovi-

rus ORFs (Table 1, Fig. 1). The ORFs were numbered

consecutively with the polyhedrin (polh) ORF being des-

ignated as the first ORF (agip1), and the adenine of the

polyhedrin ORF initiation codon was set as the first

nucleotide of the genome sequence. As described for other

baculoviruses [45], the ORFs were positioned close toge-

ther on the genome sequence and exhibited no obvious bias

in orientation, with 53% of the ORFs in the polh-sense

orientation. Canonical baculovirus early and late gene

promoter motifs were detected upstream of 107 of the

ORFs (Table 1). BLAST searches with predicted amino

acid sequences revealed that AgipMNPV contained the 30

core genes that have been found in all baculovirus genomes

sequenced to date [45, 46] as well as the additional 31

genes found in all lepidopteran baculovirus genomes

sequenced to date [3, 34].

Relationships with other baculoviruses

BLAST analyses of AgipMNPV ORFs generally revealed

strong similarities between AgipMNPV sequences and

those of AgseMNPV-A, Spodoptera exigua (Se)MNPV

[22], Spodoptera frugiperda (Sf)MNPV [18, 35] and the

NPVs characterized from M. configurata (MacoNPV-A

and -B; [26, 27]). A more comprehensive examination of

the relationship of AgipMNPV to other group II NPVs was

carried out by phylogenetic inference with concatenated

alignments of the 30 baculovirus core genes from com-

pletely sequenced group II NPVs as well as AcMNPV-C6

[36] and Cydia pomonella granulovirus (CpGV; [37])

(Fig. 2). Both ME and MP trees generated by this analysis

contained the clade consisting of Agrotis and Spodoptera

NPVs that had been reported in previous analyses. This

clade in turn was part of a larger clade containing the

MacoNPV-A and -B viruses. These relationships enjoyed

strong bootstrap support in both ME and MP phylograms.

Strong bootstrap support in both ME and MP phylograms

also was observed for some of the terminal clades con-

taining two or three NPVs. Aside from these terminal

clades, relationships among group II NPVs were charac-

terized by long branches in the phylogram, indicating a

profound degree of divergence in this group of

baculoviruses.

The close relationships among the Agrotis and Spo-

doptera NPVs could also be observed by the strongly

conserved order of homologous ORFs along the genomes

of these viruses, as assessed by gene-parity plot analysis

(data not shown; [47]). Exceptions to this general co-lin-

earity could be seen in the region between the cathepsin

and gp37 genes, in which the order and orientation of some

orthologous ORFs (he65, agip24/agse22, chitinase) were

reversed when comparing viruses of Agrotis and Spodop-

tera (Fig. 3). Evidence for rearrangement in this region

also has been observed in the genomes of MacoNPV-A and

-B [27].

The genome sequence reported in this study exhibited

100% nucleotide sequence identities with seven prior

nucleotide sequence entries in GenBank for individual

AgipMNPV genes. Most of these entries (accession num-

bers AY519204-AY519206, AY136483, and AY136484)

likely derive from the Illinois strain of AgipMNPV. One

partial polyhedrin sequence (accession number DQ014542)

derives from a Kentucky strain of AgipMNPV. This

sequence, along with the matching sequence from the

Illinois strain deposited by the same group (accession

number DQ014543), differed from the AgipMNPV gen-

ome sequence at the 30 terminal nucleotide of the sequence

file.

Homologous repeat regions

In baculovirus genomes, the larger intergenic spaces are

often occupied by regions of repeated sequences referred to

as homologous regions or hrs [45]. The hrs are thought to

function as enhancers and origins of replication [48, 49]. In

NPVs, the repeat units that make up hrs are usually

imperfect palindromes.

Examination of the AgipMNPV intergenic spaces

revealed the presence of hrs with palindromic repeats

Virus Genes (2009) 38:155–170 157
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similar to those found in AgseNPV-A (Fig. 4). Seven hrs

were identified, including one (hr1a) consisting of a single

repeat unit. The positions of AgipMNPV hr2, hr3, hr4, and

hr5 were conserved with those of hr2, hr3, hr4, and hr5 of

AgseNPV-A (Table 1). The unit repeats of the AgipMNPV

hrs were 40–48 bp and exhibited a high degree of sequence

similarity with each other (Fig. 4a). The consensus

sequence of the AgipMNPV hr repeats in turn shared a

remarkably high degree of sequence similarity with the

consensus repeats of the other viruses in the Agrotis-Spo-

doptera clade (Fig. 4b).

Gene content

The 163 ORFs identified in AgipMNPV include 62 ORFs

present in all lepidopteran NPVs and 138 homologs of ORFs

in AgseNPV. The ORFs agip53, agip56, and agip69 are

homologous to ORFs that were previously identified as

being unique to AgseNPV-A (agse48, agse53, and agse63,

respectively). In addition, the AgipMNPV genome contains

23 ORFs with no homologs in AgseNPV (Table 2). Ten of

these ORFs are homologous to other baculovirus ORFs,

including a second odv-e66 gene [50] which is orthologous

to the second odv-e66 ORFs found in some of the other

group II NPVs. The other 13 ORFs are unique to Agi-

pMNPV and exhibited either no similarity to other

sequences in Genbank or BLAST matches with modest

E-values. Of the unique ORFs, agip8 (382 codons), agip39

(354 codons), and agip159 (109 codons) are relatively large,

while the others are less than 100 codons in size. Promoter

motifs are associated with four of the unique ORFs.

AgipMNPV is missing 15 ORFs present in AgseNPV-A.

Seven of these ORFs are unique to AgseNPV-A, and the

other eight are homologs to other baculovirus genes.

Among the AgseNPV-A genes missing from AgipMNPV is

lef-7, which encodes a late gene expression factor required

for optimal levels of gene expression and replication in a

cell line-specific fashion [51, 52]. Among completely

sequenced group II NPVs, lef-7 only occurs in AgseNPV,

SfMNPV, SeMNPV, and MacoNPV-A. Also missing from

AgipMNPV are two of the three enhancin genes (vef-1 and

vef-3) present in AgseNPV.

The AgipMNPV genome was found to contain four pairs

of duplicated ORFs. Two of these pairs are homologs of odv-

e66 (agip71 and agip133) and p26 (agip100 and agip149)

genes that also occur twice in other group II NPV genomes.

As reported for duplicated odv-e66 and p26 ORFs in other

group II NPVs, the AgipMNPV ORFs in these pairs appear to

derive from independent lineages. The ORFs agip18 and

agip109 are homologs of the AcMNPV ac150 subtype of the

11 K-like peptide family [53]. These two ORFs only share

32% amino acid sequence identity with each other. Phylo-

genetic inference places agip109 in a clade containing

agse103 and homologs from SfMNPV and SeMNPV (sf95

and sf96, respectively), while agip18 occurs in a clade con-

taining homologs from Xestia c-nigrum granulovirus

(XecnGV; xecn151) and MacoNPV-A (macoA19 from the

90/2 and 90/4 isolates of this virus; data not shown). These

results suggest that agip18 and agip109 are also from sepa-

rate lineages. The AgipMNPV genome was also found to

possess a single homolog of the 11 K-like peptide ac145

subtype. Finally, ORFs agip36 and agip37 both appear to be

homologs of AgseMNPV ORF agse32. ORF agip37 exhib-

ited a greater degree of sequence similarity with agse32, and

phylogenetic inference placed agip37 in a clade with agse32

and homologs from the Spodoptera NPVs (data not shown).

The AgipMNPV genome sequence also contains five

baculovirus-repeated ORFs (bros), members of a wide-

spread multigene family found in many invertebrate

Fig. 1 Map of the ORFs and other features of the AgipMNPV

genome. ORFs are represented by arrows, with the position and

direction of the arrow indicating ORF position and orientation. The

number of each ORF is displayed, with the name of the ORF

following a colon. Homologous repeat regions (hrs) are represented

by hatched boxes

b
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Fig. 2 Phylogenetic inference of concatenated amino acid sequence

alignments of the 30 baculovirus core genes, showing bootstrap values

[50% for ME and MP trees at each node (ME/MP). The location of

AgipMNPV (bold) is indicated by an arrow. Shown is a consensus

ME phylogram of concatenated baculovirus core gene sequence

alignments for the following completely sequenced NPVs: Spodop-
tera frugiperda (SfMNPV) isolates 3AP2 and 19, Spodoptera exigua
MNPV (SeMNPV-US1), Agrotis segetum NPV (AgseNPV-A),

Mamestra configurata NPV (MacoNPV) isolates A-90/2, A-90/4,

and B; Chrysodeixis chalcites NPV (ChChNPV), Trichoplusia ni
SNPV (TnSNPV), Adoxophyes honmai NPV (AdhoNPV), Lymantria
dispar MNPV (LdMNPV-Cl5-6), Clanis bilineata NPV (ClbiNPV-

DZ1, accession no. DQ504428), Ectropis oblique NPV (EcobNPV-

A1), Orgyia leucostigma NPV (OrleNPV-CFS-77, accession no.

NC_010276), Helicoverpa zea SNPV (HzSNPV), Helicoverpa armi-
gera NPV (HearNPV) isolates C1 and G4, Autographa californica
MNPV (AcMNPV-C6), Leucania separata NPV (LeseNPV-AH),

Spodoptera litura NPV (SpltNPV-G2), and Cydia pomonella GV

(CpGV-M1)
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viruses [54]. Of the five bro genes in AgipMNPV, only

bro-b (agip68), bro-c (agip83), and bro-e (agip116) are

orthologues of bro genes in the AgseNPV-A genome. The

best BLAST matches for AgipMNPV bro-a (agip19) and

bro-d (agip112) are LeseNPV bro-c (lese52) and Maco-

NPV-B bro-e (macoB121). All AgipMNPV bro genes

hr1_rpt1.seq     ....ATCTTTGATTTCAACGAAAATCTTCGACGAAAGCAAACAT.... 
hr1_rpt2.seq     ....ATCTTTGCTTTCGTCGAGGTTTTTCGTTGAAAGCAAACAT.... 
hr1_rpt3.seq     ....ATCTTTGCTTTCGTCAAAGATTTTCGTTGAAAGCAAACAT.... 
hr1_rpt4.seq     ....ATCTTTGCTTTCGTCGAGGTTTTTCGTTGAAAGCAAACAT.... 
hr1_rpt5.seq     ....ATCTTTGCTTTCGTCTAGGTTTTTCGTTGAAAGCAAACCA.... 
hr1a.seq         ....ATCTTTGCTTTCAACGAAAATTTTCGCTGAAAGCAAACAC.... 
hr2_rpt1.seq     ....GTCTTTGCTTTTCGCGAAAATCCTCGACGAAATCTAAGAT.... 
hr2_rpt2.seq     CACGATGTTAGCTTTCCGCGAGAATCCTCGACGAAATCCAACATCGAG 
hr2_rpt3.seq     CACGATGTTTGATTTCGGCGAGAATCCTCGATGAAATCCAACATCGAG 
hr2_rpt4.seq     ....ATGTTTGCTTTCCGCGAAAATTTTGGACGAAAGCAAAGAT.... 
hr3_rpt1.seq     ....ACGTTTGCTTTCATCGAAGATTTTGGACGAAAGCAAAGAT.... 
hr3_rpt2.seq     CTTCAAGTTGGATTTCATCGAAGATTTTGGACGAAAGCAAAGATGAAG 
hr3_rpt3.seq     CTTGAAGTTGGATTTCATCGAAGATTTTGGACGAAAGCAAAGATGAAG 
hr3_rpt4.seq     CTTGAAGTTGGATTTCATCGAAGATTTTGGACGAAAGCAAAGATGAAG 
hr3_rpt5.seq     CTTGAAGTTGGATTTCATCGAAGATTTTGGACGAAAGCAAAGATGAAG 
hr3_rpt6.seq     CTTCAAGTTGGATTTCATCGAAGATTTTGGACGAAAGCAAAGATGAAG 
hr3_rpt7.seq     CTTGAAGTTGGATTTCATCGAAGATTTTGGACGAAAGCAAAGATCAAA 
hr4_rpt1.seq     ....ATGTTTGCTTTCGTCCAAAATCTTCGACGAAATCCAATAT.... 
hr4_rpt2.seq     ....ATCTTTGCTTTCGTCCAAAATTCTCGACGAAAGCAAACAT.... 
hr4_rpt3.seq     ....ATCTTTGCTTTCGTCCAAAATTCTCGACGAAAGCAAAGAT.... 
hr4_rpt4.seq     ....CTGTTGGATTTCGTCGAGAATTTTGGACGAAAGCAAACAT.... 
hr4_rpt5.seq     ....ATCTTTGCTTTCGTCCAAAATTATCGCTGAAAGCAAACAT.... 
hr4_rpt6.seq     ....ATGTTTGCTTTCGTCCAAAATCCTCGGCGAAATCCAACCA.... 
hr4_rpt7.seq     CACCATGTTTGCTTTCATCCAAAATCTTCGCGGAAAGCAAACATCGTG 
hr5_rpt1.seq     ....ATCTTTGCTTTCGTCGATGATTTTCGCTGAAAGCAAAGAT.... 
hr5_rpt2.seq     ..CAATGTTGGATTTCGTCGAGAATCCTCGTCGAAAGCAAAGATTG.. 
hr6_rpt1.seq     ....GTGTTTGCTTTCCGCGAAAATTATAGACGAAAGCAAACAT.... 
hr6_rpt2.seq     ....ATCTTTGCTTCTCATGAGAATCATCGACGAAAGCAAACAT.... 
hr6_rpt3.seq     ....ATCTTAGCTTTCAGCAAGAATCCTCGACGAAAGCAAAGAT.... 
hr6_rpt4.seq     ....ATGTTGGATTTCGTTGAGAATTCTCGCGGAAAGCAAAGAT.... 
consensus            atgTTtGcTTtcgtcgAaaaTttTcGacGAAAgCaAAcat     

AgipMNPV     ..........ATGTTTGCTTTCGTCGAAAATT...TTCGACGAAAGCAAACAT............  
AgseNPV      ..........ATGTTTGCTTTCGTCGAAATCTATTCTCGMTGAAAGCAAACATTGA.........  
SeMNPV       TTAGTACACGATCTTTGCTTTCGTCSAAGATC...TTCGACGAAAGCAAAGATCRTGTACTAAAA  
SfMNPV       ........CAATGTTTGCTTTCGGCGAAATAY...TTCGCYGAAAGCAAAGATYG..........  
consensus            c ATgTTTGCTTTCGtCgAAa tt   tTCGacGAAAGCAAA AT g           

a

b

Fig. 4 Alignment of

homologous region (hr)

palindromic repeats. a
Alignment of individual

palindromic repeats from

AgipMNPV hrs. Identical

nucleotides occupying [50% of

aligned positions are shaded in

black, and nucleotides of the

same class as conserved

nucleotides (containing either a

purine or pyrimidine base) are

shaded in gray. Nucleotides in

the consensus sequence are

denoted by uppercase letters for

positions in the alignment with

completely identical residues,

and lowercase letters for

positions in the alignment with a

majority of identical residues. b
Alignment of palindromic

repeat consensus sequences

from AgipMNPV, AgseNPV,

SeMNPV, SfMNPV-3AP2. IUB

nucleotide symbols: M = A or

C; R = G or A; S = C or G;

and Y = C or T

chitinase

chitinase

chitinase

chitinase

agip24 he65
agip26 hr1a

cathepsin

cathepsin

cathepsin

cathepsin

agip28
agip29

gp37

hr1
lef-7 73pg52esga42esga22esga

lef-7
se20 se21 se22

se23
se24 gp37

hr2 hr3
73pg32fs7-fel

he65

AgipMNPV

AgseNPV

SeMNPV

SfMNPV

Fig. 3 ORF arrangement and

orientation among NPVs of the

Agrotis-Spodotpera group in a

region encompassed by the

cathepsin and gp37 genes.

Arrows with the same label or

shade represent orthologous

ORFs. Hatched arrows represent

ORFs unique to individual

genomes with the Agrotis-

Spodotpera NPV group.

Hatched boxes represent

homologous regions (hrs)
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except bro-e possess an intact Bro-N DNA binding domain

[55, 56].

Genetic variation in the AgipMNPV Illinois isolate

Genotypic variation is common among field isolates of

baculoviruses [57, 58]. Though the AgipMNPV genome

sequence presented in this study was derived from an

uncloned field isolate, there were remarkably few nucleo-

tide sequence polymorphisms detected during sequencing.

An AT-rich region between ORFs agip53 and agip54 (pep)

contains a variable number of repeats of the dinucleotide

sequence AT, ranging from 36 to 44 repeats with a

majority of shotgun clones containing 39 copies of the

repeat. Three single-nucleotide polymorphisms (SNPs)

were also detected in the ORFs agip76 (p45), agip96

(ac81), and agip112 (bro-d). While the SNP in agip96 is

silent, the SNPs in agip76 and agip96 result in amino acid

substitutions.

AgipMNPV genotype with a deleted egt gene

The baculovirus egt gene encodes an ecdysteroid UDP-

glucosyltransferase. This enzyme inactivates the insect

developmental hormone ecdysone by transferring a glucose

or galactose from a nucleotide-sugar donor to a hydroxyl

group on the ecdysone [59, 60]. Inactivation of ecdysone

by EGT during infection is thought to increase the yield of

progeny polyhedra by delaying or blocking larval devel-

opment, which prevents the cessation of larval feeding that

takes place just prior to molting [61–63]. The egt gene is

not required for baculovirus infection or replication at the

molecular and cellular level.

In an initial assembly of the AgipMNPV sequence, the

egt gene was found to be split into two ORFs. Only the

N-terminal half of the upstream egt ORF exhibited

sequence similarity with other NPV EGT sequences. To

confirm this arrangement in AgipMNPV, the corresponding

region of the egt gene was amplified by PCR from OV

DNA and from the BV DNA of 20 AgipMNPV plaque

isolates generated during a previous study [17]. PCR and

sequencing of amplimers revealed two genotypes in the

OV DNA from AgipMNPV polyhedra (Fig. 5): a genotype

with a single intact egt ORF, and a genotype bearing a 128-

bp deletion (nt 32287–32414). The deletion resulted in the

split egt gene observed earlier, causing a frameshift and

premature termination of the egt ORF followed by an ORF

encoding the C-terminal remainder of EGT. These two

Table 2 AgipMNPV and AgseNPV ORFs with no orthologues in

each other’s genomes

ORFs Features

AgipMNPV

ORFs not

found in

AgseNPV

agip5, agip6, agip8,

agip11, agip39,

agip48, agip66,

agip67, agip110,

agip144, agip157,

agip159, agip162

Unique to AgipMNPV

agip7 Similar to AcMNPV

ac152. Best match:

MacoNPV-A macoA8

agip19 AgipMNPV bro-a

agip20 Best matches: HearGV

hear156 and LdMNPV

hrf-1

agip26 Similar to SeMNPV se21.

Best match: MacoNPV-

B macoB21

agip29 Similar to AcMNPV

ac79. Best match:

MacoNPV-B macoB15

agip65 Similar to CpGV cp109
(best match), cp64, and

HearSNPV hear134

agip68 AgipMNPV bro-b

agip71 AgipMNPV odv-e66

agip112 AgipMNPV bro-d

agip115 AcMNPV p94 homolog.

Best match: MacoNPV-

A macoA126

AgseNPV

ORFs not

found in

AgipMNPV

agse5, agse14, agse15,

agse42, agse43,

agse61, agse137

Unique to AgseNPV

agse18 SeMNPV se15 homolog

agse21 lef-7 homolog

agse24 TnSNPV tn62 homolog

agse50 AgseNPV bro-a

agse52 MacoNPV-B macoB63
homolog

agse75 AgseNPV vef-1

agse123 AgseNPV bro-d

agse128 AgseNPV vef-3

128 bp deletion

frameshift

EGT

EGT, N-
terminus

EGT, C-terminus

egt, intact
genotype
(clones 1T7, 
6T2, & 8 other
clones)

egt, deletion
genotype
(clone 1T6 &
10 other 
clones)

Fig. 5 Structural variation in the ecydysteroid UDP-glucosyltrans-

ferase (egt) gene in different genotypes of AgipMNPV. The location

of a deletion in the egt ORF leading to a frameshift (deletion

genotype, hatched arrow) in genotypes detected in the Illinois field

isolate and clonal isolates of AgipMNPV is indicated
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genotypes also were detected among the AgipMNPV pla-

que isolates. A deletion identical to that observed in OV

was present in 10 of the 20 isolates (AgipMNPV-1T1, 1T2,

1T4, 1T6, 1T9, 1T10, 6T1, 6T6, 6T8, and 6T9). Nine of the

AgipMNPV plaque isolates (1T3, 1T5, 1T7, 1T8, 6T2,

6T3, 6T5, 6T7, and 6T10) had an intact, undeleted egt

gene. One isolate (6T4) contained both genotypes.

Deletions removing some or all of the egt coding

sequence have been observed in tissue culture stocks of

AcMNPV [64, 65], the Z isolate of Antheraea pernyi

nucleopolyhedrovirus [42], and in genotypes from two

separate populations of SfMNPV [18, 66]. With both

Nicaraguan and American SfMNPV populations, egt

deletion genotypes represented 85–100% of plaque isolates

derived from infected larvae, yet were far less prevalent or

even undetectable when viral DNA from larvae was ana-

lyzed directly by PCR or restriction endonuclease digest

[18, 66]. These results suggest that egt deletions may

confer a growth advantage in tissue culture. To assess this

possibility with the egt deletion genotype detected in

AgipMNPV, one-step growth curves were generated with

plaque isolates containing deleted (AgipMNPV-1T6) and

intact (AgipMNPV-1T7 and -6T2) egt genes. No correla-

tion between egt mutation and progeny virus production

was observed. The three AgipMNPV isolates produced

roughly equivalent quantities of BV upon infection of

AiE1611T cells (Fig. 6a), with the egt deletion genotype

(1T6) producing moderately larger quantities of BV than

clone 6T2 at 24 h p i (2.4-fold; P = 0.044) and clone 1T7

at 72 h p i (2.9-fold; P = 0.0027). AgipMNPV-6T2 pro-

duced approximately 2- to 3-fold more polyhedra/cell than

the other two clones (Fig. 6b; p B 0.0002). Since muta-

tions in the fp25 k gene also can account for differences in

BV and polyhedra production [67, 68], the fp25 k genes of

the three isolates were amplified and sequenced. No

mutations were detected in the fp25 k genes of the three

isolates.

Discussion

AgipMNPV is part of a well-defined clade of group II

NPVs that includes viruses from Agrotis and Spodoptera

host species. The presence of hrs with a core repeat of the

sequence TTTGCTTT(N18–21)AAAGCAAA appears to be

diagnostic for NPVs of this clade. Among the NPVs of this

group that have been sequenced, AgipMNPV is most clo-

sely related to AgseNPV-A. The two viruses nevertheless

have diverged significantly, with an average ORF amino

acid sequence identity of 70.6% (± 15.9%), and clearly are

distinct virus species. While A. ipsilon is found in both the

United States and Europe, AgipMNPV isolates have only

been identified in the United States. A. segetum, in contrast,

is not believed to be in the United States, and NPVs iso-

lated from A. segetum originate only from Europe. The

resulting geographic separation and adaptation to different

hosts likely accounts for the degree of divergence between

AgipMNPV and AgseNPV-A.

The AgseNPV-A genome is unusual in having three

enhancin genes. The LdMNPV genome possesses two en-

hancin genes, both of which are necessary for optimal

virulence against L. dispar larvae [69, 70]. While Agi-

pMNPV only retains one of the three enhancin genes

possessed by AgseNPV, it nevertheless exhibits a 9.4-fold

lower LC50 against A. ipsilon larvae and an LC50 against

A. segetum larvae that is only moderately (2.7-fold) higher

than that of AgseNPV-A. This observation suggests that

the presence and expression of all three AgseNPV-A

enhancins only may be required for optimal potency

against A. segetum, and also that the two additional

enhancins in AgseNPV-A only make a modest contribution

to virulence against A. segetum larvae. The AgipMNPV

genome has an extra copy of an ac150 orthologue.
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Fig. 6 Virus production by AgipMPNPV plaque isolates with intact

or deleted egt genes. a Titers of budded virus produced by AiE1611T

cells infected with AgipMNPV clone 6T2 (u), 1T6 (j), and 1T7 (m),

displayed as average plaque-forming units (pfu)/ml of three replicate

samples/time point. b Polyhedra produced by AiE1611T cells

infected with AgipMNPV-1T6, -1T7, and -6T2. Average polyhedra

from three replicate infections/virus are shown. For both (a) and (b),

error bars represent one standard deviation
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Inactivating ac150 in AcMNPV results in significantly

reduced virulence against three different hosts [71], and

appears to work synergistically to increase virulence

against Heliothis virescens larvae [72]. The extra ac150

gene in AgipMNPV may account for its lower LC50 against

A. ipsilon larvae. Experiments with recombinant Agi-

pMNPV or AgseNPV-A with inactivated or additional

enhancins and ac150 genes may clarify the role that these

genes play in host range differences reported for these

viruses.
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